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A reliable first-principles description of singlet diradical character is essential for
predicting nonlinear optical and magnetic properties of molecules. Since diradical
and closed-shell electronic structures differ in their distribution of single, double,
triple and aromatic bonds, modeling electronic diradical character requires accurate
bond-length patterns, in addition to accurate absolute bond lengths. We therefore
introduce structural diradical character, which we suggest as an additional measure
for comparing first-principles calculations with experimental data. We employ this
measure to identify suitable exchange–correlation functionals for predicting the bond
length patterns and electronic diradical character of a biscobaltocene with the poten-
tial for photoswitchable nonlinear optical activity. Out of four popular approximate
exchange–correlation functionals with different exact-exchange admixtures (BP86,
TPSS, B3LYP, TPSSh), the two hybrid functionals TPSSh and B3LYP perform best
for diradical bond length patterns, with TPSSh being best for the organometallic
validation systems and B3LYP for the organic ones. Still, none of the functionals is
suitable for correctly describing relative bond lengths across the range of molecules
studied, so that none can be recommended for predictive studies of (potential) dirad-
icals without reservation.
a)Electronic mail: Carmen.Herrmann@chemie.uni-hamburg.de
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I. INTRODUCTION
Open-shell singlet diradical molecules have aroused interest among both theoreticians and
experimentalists due to their special physical and chemical properties.1–10 Among those are
their nonlinear optical (NLO) properties, especially the second hyperpolarizability, which
can be tuned and amplified by a change in open-shell diradical character y11–17. Nonlinear
optically active molecular materials are important for applications such as data storage and
telecommunication18.
It would be particularly useful if the NLO properties of molecules or molecular materi-
als could be switched by external stimuli. There has been considerable experimental19–23
and theoretical20,24–27 work on switchable organic and organometallic NLO-active molecules,
showing that a variety of stimuli such as pH, temperature, redox reactions, and light can be
used for this purpose.
The singlet state of diradicals can have a bond length pattern more reminiscent of an
open-shell structure (Figure 1, top right), of a closed-shell structure (Figure 1, top left), or
somewhere in between. A perfect open-shell molecular structure will typically be very close
to that of a triplet. Depending on which side the molecular structure leans to, electronic
properties will be considerably different, in particular the (electronic) diradical character.
Indeed, it has been shown that diradical character and NLO properties can be very sensitive
to molecular structure28–31. Open-shell electronic structures have also been found to depend
on interatomic distances in the context of strongly correlated adsorbates and materials32–34.
For predicting diradical properties from first principles, it is therefore important to predict
sufficiently accurate molecular structures, both in terms of absolute bond lengths and in
terms of bond length patterns.
For many diradicals of interest, Kohn–Sham (KS)-density functional theory (DFT) is the
only first-principles electronic structure method capable in practice of molecular structure
predictions with reasonable accuracy (see also Appendix C). Yet, owing to the unknown
exchange–correlation functional, DFT can give inconclusive results regarding such struc-
tures.
We are interested in a particular example of such inconclusive predictions, a dithienylethene-
linked biscobaltocene whose diradical properties could be switched, in principle, by light (see
Figure 2). In combination with the redox-active nature of the cobaltocene units, this might
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not properly described, one may easily get incorrect optimized molecular structures and
properties. Since the diradical character is related to the relative weights of open-shell and
closed-shell singlet configurations in the electronic wave function,15–18 this issue is particu-
larly crucial if structural parameters such as bond lengths differ between the closed-shell and
the open-shell form (compare Figure 1). Indeed, it has been shown that diradical character
and NLO properties can be very sensitive to molecular structure.19–21
Figure 1: Lewis structures of p-quinodimethane in its closed-shell (left) and open-shell di-
radical form (right). Note that strictly speaking, these are not mesomeric forms, since bond
lengths will differ between the diradicaloid and the closed-shell structures.
Given the favorable switching properties of dithienylethene (DTE) and the potential of
metallocenes for redox-switchable NLO properties, a DTE bridge linking two cobaltocene
units (with potentially one unpaired electron each) could be an interesting organometallic
candidate for a multiresponse NLO-active compound (see Figure 2). Closing the photoswitch
(left-hand side of Figure 2) switches on electronic communication via the ⇡ system of the
bridge, which enables drawing two resonance structures, a closed-shell and an open-shell
one (Figure 3). Due to its poor switching behavior, the closed-switch form could not be
isolated, and its structure and properties are not known experimentally.22 To decide whether
further efforts towards obtaining these data and towards optimizing the switching behavior
are worthwile, we aim at a true first-principles prediction of the diradical character of the
closed switch. In contrast to the analogous nitronyl nitroxide compound23 (see Supporting
Information (SI)), KS-DFT optimizations of the molecular structure for the closed switch
in its singlet state give no consistent answer to whether it is predominantly a closed-shell or
an open-shell structure. Consequently, no predictions of its diradical character and its NLO
properties appear possible, unless a particular approximate exchange–correlation functional
can be identified as sufficiently reliable for this purpose.
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FIG. 1. Our measure of structural diradical character is based on comparing bond-length patterns
of molecular structures with idealized bond-length patterns for closed- (top left) and open-shell
diradical (top right) forms, shown here for p-quinodimethane.
lead to multiresponse behavior. Closing the photoswitch (left-hand side of Figure 2) switches
on electronic communication via the pi system of the bridge, which enables drawing two
different structures, a closed-shell one (Figure 3, left) and an open-shell one (Figure 3, right).
The relative importance of these two not only affects NLO properties, but a stabilization of
the closed switch resulting from a large admixture of the closed-shell form can also suppress
photochromic ring opening35,36. Due to its poor switching behavior, the closed-switch form
could not be isolated experimentally, and its structure and properties are therefore not
known yet37. To decide whether further efforts towards obtaining these data and towards
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FIG. 2. Lewis structures of a dithienylethene molecule in its closed (left) and open form (right).
optimizing the switching behavior are worthwhile, we aim at a true first-principles predic-
tion of the diradical character of the closed switch. In contrast to the analogous nitronyl
nitroxide compound38 (see Supplemental Material), KS-DFT optimizations of the molecular
structure for the closed switch in its singlet state give no consistent answer to whether it
is predominantly a closed-shell or an open-shell structure (see Section IV). Consequently,
no predictions of its diradical character and its NLO properties appear possible, unless
a particular approximate exchange–correlation functional can be identified as sufficiently
reliable for this purpose.
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FIG. 3. Lewis structures of [Co2]. The closed-shell quinoidal form is shown on the left-hand side,
the diradicaloid form on the right-hand side. Note that strictly speaking, these are not mesomeric
forms, since bond lengths will differ between the diradicaloid and the closed-shell structures. The
bonds whose formal bond orders and thus lengths differ between the two structures are indicated
by the grey area. Bonds included in evaluating established BLA measures are shown in red if they
were added and in blue if they were subtracted in Eq. (A1)39,40.
One would expect that bond-length alternation (BLA)39,40 was a good measure for com-
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paring molecular structures optimized with different approximate exchange–correlation func-
tionals and experimental structures. It turns out that BLA values spread so unsystemati-
cally that this is not possible (along with other disadvantages, as discussed in Appendix A).
Therefore, we will define a new measure for this purpose, which we call structural diradical
character (see Section II A). It is based on measuring the deviation of bond lengths for a
structure of interest from ideal bond lengths of (a) an open-shell singlet and (b) a closed-shell
singlet (see Figure 1), obtained with the same methodology as the structure of interest (DFT
with a particular exchange–correlation functional, or experiment). We will show below that
this indeed allows for identifying functionals that can be considered reliable for bond length
patterns of singlet diradicals. For this purpose we will analyze a series of experimentally
studied diradicals (see Figures 4 and 5).
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FIG. 4. Lewis structures of [Fe2] and [Fe2]’. The bond lengths (in A˚) for [Fe2] and [Fe2]’ are taken
from X-ray crystal structures from Ref.41 and42, respectively. Note that the shown structures are,
strictly speaking, not resonance structures, since they have different bond lengths. Bonds included
in evaluating established BLA measures are shown in red if they were added and in blue if they
were subtracted in Eq. (A1)39,40. Note that the reference bond lengths within the benzene rings
were those of aromatic benzene and not the alternating single and double bonds shown in the Lewis
structures. Also, the Fe−C bonds are not included in the evaluation of the structural diradical
character, because no reference bond length for Fe−C single and Fe−C double bonds were defined.
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FIG. 5. Lewis structures and selected X-ray crystallographic bond lengths (from Ref.43) of bbb,
bnb and bab. The closed-shell quinoidal form is shown on the left-hand side, the diradicaloid
form on the right-hand side. Note that strictly speaking, these are not mesomeric forms, since
bond lengths will differ between the diradicaloid and the closed-shell structures. Bonds included
in evaluating established BLA measures are shown in red if they were added and in blue if they
were subtracted in Eq. (A1)39,40.
II. STRUCTURAL DIRADICAL CHARACTER
Diradical character is a measure used to indicate how close a system resembles one with
two unpaired electrons (usually in a singlet state). Open-shell character is a more general
term that can be used in various contexts. It may refer to diradical character (two unpaired
electrons) as well as to any other polyradical character (any number of unpaired electrons).
Here, we use the terms diradical character and open-shell character synonymously.
A. Defining structural diradical character: How close is the bond length
pattern of a molecular structure to that an ideal diradical?
We introduce a new measure for estimating the qualitative similarity of a molecular
structure to an ideal diradical or closed-shell bond pattern (see Figure 1). The new measure
overcomes the drawbacks of the BLA scheme while still retaining its simplicity. For this
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purpose, reference bond lengths for the ideal open-shell and closed-shell structures have to
be defined (see Section II B below for details). The actual bond lengths b for the structure
of interest are then compared to these reference bond lengths bref , and the normalized mean
absolute error (MAEXnorm; X = CS,OS),
MAEXnorm =
∑n
i=1
|bi−bXi,ref |
|bOSi,ref−bCSi,ref |
n
, (1)
and the normalized root mean squared deviation (RMSDXnorm; X = CS,OS),
RMSDXnorm =
√√√√∑ni=1 ( bi−bXi,ref|bOSi,ref−bCSi,ref |)2
n
, (2)
are calculated for all n bonds where the reference bond length in the closed-shell state (CS)
and open-shell state (OS) differ (these bonds are encapsulated in gray ovals in the corre-
sponding Figures). The normalization is used to account for different magnitudes in reference
bond-length differences (20 pm for a C−C −−→ C−C transition, 14 pm for a C−C −−→ C−−C
transition, 14 pm for a C−C −−→ C−−−C transition and 6 pm for a C−C −−→ C−−−C transi-
tion).
The structural diradical character ys is then defined as
ys = 1− MAE
OS
norm
MAEOSnorm + MAE
CS
norm
=
MAECSnorm
MAEOSnorm + MAE
CS
norm
. (3)
The structural diradical character can be calculated from the RMSDXnorm in an analogous
way.
B. Choosing reference bond lengths for diradical and closed-shell structures
It is not quite obvious how ideal diradical and closed-shell singlet bond lengths should
be defined. One option would be to carry out a computational structure optimization in
which the electronic structure is constrained to be a closed-shell singlet (as in spin-restricted
KS-DFT) and to use the resulting bond lengths as references for the closed-shell structure,
and, accordingly, a spin-unrestricted triplet optimization for a “perfect” open-shell structure.
This has the obvious disadvantage that it cannot be applied to experimental structures.
7
Another option is to interpret the Lewis structures literally and to use C−C bond lengths
of ethane, ethene, ethine, and benzene, . . . as references. These ideal bond lengths are ob-
tained with the same method as the molecular structure of interest, i.e., either by structure
optimization with a method like DFT (see Supplemental Material for values), or from tabu-
lated experimental data for these validation compounds (taken from Ref44)45. The drawback
of this definition is that a “real-world” open-shell singlet may by be quite far from a perfect
bond pattern as shown on the left-hand side of Figure 1, because pi conjugation46, chemical
substitution, intramolecular and intermolecular dispersion interactions and repulsions, and
other effects may lead to deviations from ideal bond lengths. For the same reasons, what
we would clearly consider a closed-shell singlet structure may deviate from its ideal bond
pattern as shown on the right-hand side of Figure 1. We do not consider this a major
problem, because these reasons are present in computationally optimized and experimental
structures alike. We do acknowledge that (1) in practice, intermolecular interactions are
usually neglected in DFT (but this is the case for nearly all computational work) and (2)
in cases where a certain exchange–correlation functional has a weakness concerning, e.g.,
intramolecular dispersion interactions indirectly affecting bond length patterns, we may not
be able to disentangle intrinsic problems of this functional with bond length patterns from
its weaknesses with dispersion. However, with these exceptions, we consider comparing the
structural diradical character between experiment and computation as a valuable means of
gaining insight into the reliability of electronic structure methods for molecular structure
optimizations of diradicals.
III. AN ILLUSTRATIVE EXAMPLE: ELECTRONIC DIRADICAL
CHARACTER DEPENDS ON BOND LENGTH PATTERNS MUCH MORE
THAN ON ABSOLUTE BOND LENGTHS
The studied molecules can be drawn in different forms (see Figures 3, 4 and 5), one of
which denotes a CS and the other an OS form bearing two unpaired electrons. These two
forms differ in the distribution of C−C bonds (single-, double-, triple- and aromatic bonds)
between respective carbon atoms. In the CS, the bond lengths are typically more equally
distributed than in the OS. These bond length distributions or bond length patterns can be
used to evaluate the structural diradical character.
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We will show in the following that the structural diradical character correlates more
with electronic diradical character28,47–52 than the MAE of absolute bond lengths does.
To illustrate this (see Figure 6), we have compared the correlation of structural diradical
character and MAE of a set of different structures of p-quinodimethane.
First, we describe the construction of the studied set of structures. We take two structures
as end points for a linear interpolation: First, a structure resembling the closed-shell Lewis
structure was built and its bond lengths were chosen to be the ideal bond lengths that are
used as a reference in the calculation of the structural diradical character (see Table S3 in
the Supporting Information). This structure then has a structural diradical character of 0.
We will call this structure ideal closed shell or cs-id. The second structure was constructed
in a similar fashion, but this time, the ideal bond lenghts resembling the open-shell Lewis
structure were chosen, resulting in a structural diradical character of 1. Analogously, this
structure is referred to as ideal open shell or os-id. The 11 studied structures (see Section S8
in the Supporting Information for cartesian coordinates) were then built as linear interpo-
lations between cs-id (with weights between 0.0 and 0.2, the latter being referenced as cs-20
= 0.2·cs-id + 0.8·os-id) and os-id (with weights between 1.0 and 0.8). The weights were
chosen to be in a region where the electronic diradical character is sensitive to structural
changes. We computed the electronic diradical character yel, structural diradical character
ys, and the MAE of the bond lengths that were used for calculating ys (the C−C bond
lengths) with respect to a fititious “validation” structure which is a linear combination of
os-id (weight is 0.9) and cs-id (weight is 0.1), denoted as ref. The latter structure corre-
sponds to what would usually be a molecular structure from the experiment, and was chosen
such that it is in the middle of the range of structural mixtures under study.
The better correlation between electronic and structural diradical character than between
electronic diradical character and the MAE is evident. The Pearson correlation coefficient
between ys and yel (Figure 6, left) is 1.00, while it is 0.07 between MAE and yel (Figure 6,
right). For the realistic systems under study, we will show that structural diradical charac-
ter shows a similarly better correlation with electronic diradical character than MAE (see
Figures 7 and 8).
Accordingly, correct bond length patterns are more important for getting electronic di-
radical character right than only good agreement with absolute bond lengths. In particular,
good agreement with absolute bond lengths may lead to considerable deviations in electronic
9
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FIG. 6. Comparison of the correlation between electronic (yel) and structural (ys) diradical char-
acter (MAE, Equation (3)) on the left (right). The Pearson correlation coefficient R is shown in
the corresponding legends. The systems are p-quinodimethanes with different bond lengths. cs-20
(ref, os-id) is a linear combination of 20 % (10 %, 0 %) cs-id and 80 % (90 %, 100 %) os-id, the
structures denoted as LSTi are linear combinations of 20−2i % cs-id and 80+2i % os-id. To make
a qualitative comparison easier, the scales of the ordinates were chosen so as to have the smallest
(and largest) data points of the respective curves on equal heights. Single point calculations used
B3LYP/def2-TZVP-D3.
diradical character if it was obtained at the expense of realistic bond length patterns. We
therefore suggest a measure for the agreement with bond length patterns as an important
additional criterion when evaluating the performance of electronic structure methods for
molecular structure optimizations of diradicals, in addition to measures for absolute bond
length deviations.
IV. ATTEMPT AT A TRUE FIRST-PRINCIPLES PREDICTION OF
DIRADICAL CHARACTER: BISCOBALTOCENYLDITHIENYLETHENE
Dithienylethene (DTE) derivatives can, in principle, be switched from a closed form
(Figure 2 left), which has an extended conjugation, to an open form (Figure 2 right) by
radiation with visible light. Ring closure can be initiated by irradiation with UV light (due
to a less extended conjugation in the open form). For the closed form with the attached
cobaltocenes ([Co2]), a diradical Lewis structure with two unpaired electrons and a closed-
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shell structure with no unpaired electrons can be drawn (see Figure 3). It is not known yet
experimentally whether the molecule is predominantly OS or CS in its ground state.
In an attempt to make a true first-principles prediction on this question, we have cal-
culated optimized structures (open and closed shell) and analyzed the spin-state energetics
and structural diradical characters of this compound, employing the pure BP86 functional
and the hybrid B3LYP with 20 % admixture of Hartree–Fock exchange. We start molecular
structure optimizations for (1) a closed-shell singlet (cs), employing spin-restricted KS DFT
(RKS), (2) a broken-symmetry53 (bs) approximation of the open-shell singlet employing
spin-unrestricted KS DFT (UKS), for which the local spin density in the initial guess corre-
sponded to one spin-up unpaired electron on one spin center and one spin-down electron on
the other center54, and (3) a triplet (t) described by UKS to evaluate singlet–triplet split-
tings. For a bs solution with approximately one unpaired electron per spin center, a total
spin expectation value of 〈Sˆ2〉 close to one is expected55. The bs approach may converge to a
closed-shell solution, which is indicated by 〈Sˆ2〉 approaching zero. Therefore, 〈Sˆ2〉 values are
reported for all cs and bs optimizations. All molecular structures under study have singlet
ground states.
TABLE I. Relative energies with respect to the closed-shell energy (∆E) [kJ/mol], structural di-
radical character ys (Equation 3) (MAE and, in parentheses, RMSD), bond-length alternation
(Equation A1) BLA [pm], Sˆ2 expectation values (〈Sˆ2〉) for the optimized structures of [Co2] (see
Figure 3) employing BP86/def2-TZVP and B3LYP/def2-TZVP, for closed-shell (cs), open-shell
singlet modeled by a broken-symmetry (bs) determinant, and triplet (t). The structural diradical
characters of the energetically most stable structures are highlighted in green (with energies differ-
ing by less than 5 kJ/mol considered as degenerate). The overall assignment as closed-shell (CS)
or open-shell (OS) is indicated in the right-most column.
cs bs t
∆E ys BLA 〈Sˆ2〉 ∆E ys BLA 〈Sˆ2〉 ∆E ys BLA
BP86
[Co2] 0.00 0.58 (0.71) 2.6 0.00 1.37 0.58 (0.71) 2.6 0.01 28.45 0.67 (0.81) -1.43 CS
B3LYP
[Co2] 0.00 0.56 (0.67) 4.4 0.00 -52.6 0.73 (0.87) -3.4 1.10 2.04 0.74 (0.88) -3.7 OS
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For all optimized structures, we evaluate structural diradical character and BLA. If these
data agreed reasonably well for the ground-state structures of both BP86 and B3LYP, a DFT
prediction of the open-shell character of [Co2] could be considered as reliable. However,
BP86 gives a closed-shell structure, while B3LYP results in an open-shell singlet as the
energetically most stable solution (Table I).
The structural diradical character is small for the closed-shell solutions and large for
the open-shell solution, which could only be converged with B3LYP, not with BP86, even
if performing a single-point calculation on the open-shell optimized B3LYP structure with
the open-shell B3LYP orbitals as initial guess. Interestingly, the BP86 closed-shell singlet
shows a larger structural diradical character than the B3LYP one, indicating that even
though both are equally closed-shell in terms of electronic structure (〈Sˆ2〉 = 0), the BP86
molecular structure leans more towards the open-shell side. For comparison, structural
diradical character was also evaluated for the triplet. Here, one would expect bond length
patterns close to the open-shell resonance structures, and accordingly, ys is always largest
for the triplet. For the B3LYP open-shell singlet, ys is nearly identical to the value for the
triplet, which could be taken as an additional indication that the open-shell-singlet B3LYP
solution converges to a nearly pure diradical.
Here, MAE- and RMSD-derived structural diradical characters deviate by up to 0.14, with
the latter being larger, while in our validation systems (see below), it does not matter much
whether structural diradical character ys is evaluated with MAE or RMSD as a measure
for structural deviations, and the latter is typically slightly smaller. This different behavior
might be related to the fact that single / double bond alternation plays a more pronounced
role here in both structures in contrast to the validation compounds. This does not affect
the suitability of ys for comparisons between calculated and experimental data. It makes
employing ys as an absolute measure for diradical character difficult, but as will be discussed
below, 0.6 as evaluated based on MAE appears to be a reasonable measure for the transition
from what is typically considered more closed-shell to more open-shell singlet, at least for
the set of molecules considered here.
A negative BLA would be expected for an open-shell structure, because the single bonds
of the bridge are subtracted (blue in Figure 3) and the double bonds (shorter) are added
(red in Figure 3) and the aromatic bonds (same bond lengths in the reference) will not bias
the BLA towards positive or negative values. On the other hand, a positive BLA indicates a
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closed-shell structure, because then the single bonds are added (red in Figure 3), while the
double bonds (shorter) are subtracted (blue in Figure 3). The BLA (Equation A1) obtained
from the BP86 solutions is small, but positive, rather corresponding to a closed shell, while
the BLA obtained from B3LYP is positive for the closed-shell solution and negative for the
open-shell solution.
In accordance with the larger open-shell character suggested by B3LYP, the singlet–triplet
gap is by more than an order of magnitude smaller than the gap predicted by BP86.
Altogether, these data suggest that according to BP86, [Co2] is mostly a closed-shell
molecule, while B3LYP suggests it is mostly open-shell. Therefore, in the following we will
compare these two exchange-correlation (xc) functionals employed along with two meta-
GGA based ones (TPSS and TPSSh) with experimental data on structures where varying
the bridge modifies the diradical character.
V. COMPARISON OF DFT WITH EXPERIMENTAL MOLECULAR
STRUCTURES
A. Selection of diradicals and exchange–correlation functionals
For organic diradicals, the B3LYP exchange–correlation functional (with 20 % exact ex-
change admixture) generally works well56, but even here, BLA39,40 as present in the closed-
shell form on the left-hand side of Figure 1 can be underestimated57 or overestimated30,58,
depending on the molecule studied. While numerous studies on the dependence of NLO
properties on exchange–correlation functional have been carried out29,59–73, it is not clear if
there is a reasonably reliable functional for describing bond length patterns for organometal-
lic complexes with potential diradical character.
We therefore apply the structural diradical measure defined in Section II to two sets of
selected organometallic41,42 and organic43 validation compounds for which structural data are
available from the experiment for given spin centers with two and three different bridges,
respectively, and where these variations of the bridge are known to change the diradical
character considerably (see Figures 4 and 5). Even though the organometallic systems are
quite large molecules, we consider, in contrast to previous work41,42, the full atomistic details
of all ligands.
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We compare four different exchange–correlation functionals, three of which (BP86,
TPSS, TPSSh) have proven valuable for structures and energetics of transition metal com-
plexes74–76, while B3LYP is very popular for open-shell organic molecules. BP86 and TPSS
are pure functionals, and TPSSh and B3LYP are hybrid functionals with 10 and 20 percent
of exact-exchange admixture, respectively. The pure parts of BP86 and B3LYP are of
generalized gradient corrected (GGA) type, and for TPSS and TPSSh, of meta GGA type.
Since exact exchange admixture tends to localize spin density77–79, hybrid functionals should
favor diradical structures (right-hand side of Figure 1) more strongly than pure ones.
B. Inorganic validation systems: Dinuclear carbon complexes with
carbon-rich bridges
In the two dicationic complexes shown in Figure 4, two iron(III) centers with one unpaired
electron each are linked by carbon-rich bridges, in one case with a benzene linker ([Fe2]))
and in one case with a benzene linker featuring two annelated rings ([Fe2]’). This annelation
should decrease the aromaticity of the central carbon structure, and thus favor the cumulenic
structure shown on the left-hand side.
Indeed, in the experiment42, analysis of characteristic bond lengths (Fe−C,−C−−C,−−C−C)
of [Fe2] revealed longer Fe−C and −−C−C and shorter −C−−C bonds as compared to the
X-ray structure of [Fe2]’, indicating a larger structural diradical character. Despite slight
differences, this holds for both molecules present in the unit cell (indicated by “xray1” “and
xray2” in the lower part of Table S4 in the Supporting Information)80. Superconducting
quantum interference device (SQUID) magnetometry (as powder) revealed a singlet ground
state for [Fe2] with a thermally accessible triplet state about 4.56 kJ/mol higher in energy,
suggesting that the ground state has significant open-shell character. The variable tempera-
ture (VT)-UV–Vis spectra did not give any evidence of structural changes between 10 K and
300 K, and VT-IR spectra pointed to a barely detectable increase of cumulenic character
with decreasing temperature, suggesting that the structural changes between the singlet and
triplet states are minor. Altogether, this was interpreted as [Fe2] having significant open-
shell singlet character in its ground state, despite the relatively strong antiferromagnetic
spin coupling.
For [Fe2]’, no signal was found in the electron spin resonance (ESR) spectrum at 77 K,
14
so the triplet state is not thermally accessible up to that temperature, corresponding to a
singlet–triplet splitting of at least 1200 cm−1 (roughly 14.3 kJ/mol). This is also supported
by VT-NMR data. IR spectra support the more cumulenic structure that was also indicated
by X-Ray crystallography. This points to [Fe2]’ having substantial closed-shell character in
the ground state.
Figure 7 shows that hybrid functionals, in particular B3LYP and TPSSh, can describe
the structural diradical character of [Fe2] very well (compare the solid and dotted green
lines). For [Fe2]’, B3LYP overestimates this character somewhat, while TPSSh is very close
to the experimental value (please see Section S5 in the Supporting Information for tabulated
data). Interestingly, the reduction in ys from [Fe2] to [Fe2]’ is partially described already
by the closed-shell-optimized structures. For the open-shell (bs) optimized structures, ys
increases as spins become more localized on the spin centers (as indicated by increasing 〈Sˆ2〉
in Table S4 in the Supporting Information). This is in line with this localization indicating a
stronger importance of the open-shell resonance structure (right-hand side of Figure 4). The
B3LYP open-shell-singlet structure for [Fe2] has a ys very close to the value for the triplet,
which suggests that B3LYP would consider [Fe2] almost purely open shell. For TPSSh, the
values are also reasonably close, indicating dominant open-shell character.
Owing to the size of the systems under study (we describe all ligands in full atomistic
detail), crystal structure optimizations under periodic boundary conditions (in particular
with hybrid functionals) are prohibitively expensive. It has been pointed out that crystal
packing can increase quinoidal character58, so our first-principles structural diradical charac-
ters for isolated molecules may overestimate the values obtained from X-ray crystallography
somewhat. At least for [Fe2], measured exchange spin coupling constants were very similar
in the solid state and in solution42, which suggests that structural differences between the
two are not major. Still, it may be that the deviation of B3LYP data from the experiment
is partially due to the neglect of packing effects.
Overall, based on the structural diradical character ys, TPSSh would be considered ad-
equate for describing the two iron-based complexes under study here (with B3LYP being
also acceptable). TPSSh also matches the experimental singlet–triplet energy splitting for
[Fe2] quite nicely (2.9 kJ/mol vs. 4.56 kJ/mol), and is not too far from the experimen-
tal lower bound on this splitting for [Fe2]’ (8.1 kJ/mol vs. 14.3 kJ/mol), whereas B3LYP
underestimates both.
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FIG. 7. Comparison of the correlation between electronic diradical character yel and structural di-
radical character ys (MAE) on the left (right). MAE values are calculated from geometry optimized-
and experimental structures. The Pearson correlation coefficient R is shown in the corresponding
legends. The data for [Fe2] ([Fe2]’) are shown in the top (bottom) half. Values for yel, ys and
MAE are plotted against a string representing the calculated determinant (either cs for closed shell,
t for triplet or os for broken symmetry) and the used xc functional. Additionally, the calculated
structural diradical character values for the x-ray structures yexps are plotted as a constant dotted
line. The energetically most stable structures are highlighted by a circular grid on top of the data
point. Again, energies differing by less than 5 kJ are considered degenerate, leading to multiple
highlighted structures per functional in some cases.
In Section III, we showed that the structural diradical character ys correlates with the
electronic diradical character yel and that only taking into account averaged absolute bond
length deviations MAE does not suffice for a reliable comparison of computed and experi-
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mental data. An analysis of the correlation between ys and yel and between MAE and yel
has been conducted for the experimental validation systems as well (see Figure 7). Again,
we see that structural diradical character correlates more strongly with electronic diradical
character than MAE. The correlation (expressed through the Pearson correlation coefficient
R) is 0.93 between ys and yel and −0.89 between MAE and yel. Here, strong anticorrelation
between MAE and yel is observed, because the system under study is open shell. There,
one would expect the MAE between the experimental structure and the optimized one to be
larger for the closed-shell structure (where yel is small) and smaller for open-shell structures
(where yel is large). The weak correlation between MAE and electronic diradical character
at [Fe2]’ is attributed to the higher level of complexity in the bonding patterns. While in
the organic systems, only alternations between single-, double- and aromatic bonds happen,
while in the inorganic systems, alternations between single-, double-, aromatic- and triple
bonds take place. The structural diradical character can clearly deal with these complex
bonding patterns.
With bond-length alternation, it is more difficult to obtain a clear picture (see Supporting
Information Table S4). Bond-length alternation should be more pronounced for the more
quinoidal form of [Fe2]’ compared with [Fe2], and this is indeed the case for the structures
obtained from experiment. Also, the BLA of an open-shell solution (if one is converged)
is, as expected, smaller than for a closed-shell solution. For the DFT-optimized structures,
BLA data vary significantly depending on the xc functional employed. The increase in BLA
from [Fe2] to [Fe2]’ is only reproduced for the two pure functionals (for which attempts at
broken-symmetry optimizations converge to 〈Sˆ2〉 smaller than one), and in terms of absolute
numbers, there is no functional which agrees well with the BLA for both [Fe2] and [Fe2]’.
For [Fe2], B3LYP comes closest (but fails for [Fe2]’), and for [Fe2]’, TPSS matches best
(but strongly overestimates BLA for [Fe2]). Also, while ys changes only slightly when
varying bond lengths within the experimental error bar, these variations affect BLA values
considerably. All this suggests that in contrast to ys, it is at least difficult to identify a
reliable xc functional for structural diradical character based on BLA.
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C. Organic validation systems: bisbenzothiaquinodimethanes with varying
bridge lengths
Bisbenzothiaquinodimethanes (see Figure 5) have recently been presented as stable ana-
logues of larger acenes, enabling the experimental study of diradical character as a function
of molecular length43. While all three molecules under study showed considerable quinoidal
character, diradical character increased with increasing molecular length as expected, owing
to the increasing number of aromatic rings formed in the open-shell resonance structure81.
This was concluded, among others, from the X-Ray crystallographic structures and from the
increased spectral broadening in VT 1H-NMR, indicating more strongly thermally populated
triplet states for longer molecules.
We optimized the molecular structures in the closed-shell, open-shell singlet (bs), and
triplet states with the four xc functionals under consideration. Here, we employed Grimme’s
empirical dispersion correction (D3)82, since it has been proven important for extended
organic systems. We had not employed this correction for the inorganic complexes above,
because its suitability for inorganic systems is not as clearly established as for organic ones76.
For all functionals and structures, we obtain either a closed-shell solution as the ground
state, or an open-shell singlet (bs) that is close in energy to the closed-shell one. The energy
differences between the two are at most around 3.5 kJ/mol, which appears too close to
the DFT error margin to make a well-founded decision on which of the two represents the
ground state better. The Sˆ2 expectation values of the bs solutions are often close to zero
and never larger than about 0.6, indicating partial closed-shell character (see Table S5 in
the Supporting Information). The larger 〈Sˆ2〉, the more the structural diradical characters
ys and bond-length alternation deviate from the “true” closed-shell solution. In all cases,
the triplets are considerably higher in energy, consistent with the dominantly closed-shell
ground states, and the singlet–triplet splitting of 27 kJ/mol obtained from B3LYP-D3 is
consistent with the 22 kJ/mol obtained from temperature-dependent magnetic susceptibility
measurements of the bab powder and with the 23 kJ/mol obtained previously from UCAM-
B3LYP/6-31G(d,p)43. This is also in line with the singlet ys always being considerably lower
than the triplet values, suggesting that no singlet has bond length patterns corresponding
to pure open-shell structures.
The structural diradical characters ys for the B3LYP-D3 closed-shell solutions match the
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experiment almost perfectly. For the longest molecule bab, the bs optimization converges
to structures with a 〈Sˆ2〉 value of roughly 0.6, which is slightly lower in energy and features
a larger ys than the cs solution (0.71 vs. 0.63). Given the quite small energy differences,
this bs solution may be an artifact of DFT. It could also be that the good match of the
cs data results from an error compensation between the electronic structure description
and the neglect of crystal packing effects (compare the discussion in the preceding section).
Without the experimental data, there would be little solid criteria for deciding which of
the two describes the experiment better. As exact exchange admixtures increase in the
functionals, the structural diradical characters of the closed-shell solutions increase slightly,
leading to an overestimation of the experimental values (that could still be consistent with
the experiment if packing effects should play a role).
MAE values between optimized and experimental geometries showed a very good corre-
lation with yel values ranging from 1.00 for bbb to 0.98 for bab. The correlation between
ys and yel is slightly smaller ranging from 0.99 for bbb to 0.88 for bab. This means that
for organic systems, both ys and MAE are well suited.
Bond length alternation decreases as the molecules get longer, which is consistent with
the increasing diradical character. Also if BLA is taken as a criterion, closed-shell B3LYP-
D3 matches the experiment well, slightly overestimating BLA, while TPSSh errs in the
other direction showing the best agreement of the functionals considered. For these organic
systems, BLA is much more consistent over different functionals, and the conclusions drawn
from BLA and ys are similar: the two hybrid functionals are suited best to describe bond
length patterns in these organic diradical candidates. This good agreement between the two
measures may be because (1) BLA is more suitable for organic systems than for inorganic
ones, and because (2) the same sets of bonds are employed in evaluating these measures
here, in contrast to the diiron and dicobalt complexes discussed above. Furthermore, while
experimental error bars on bond lengths still affect BLA values more than ys, this is much
less severe than it was the case for the two diiron complexes discussed above, so for organic
systems, both BLA and ys appear as reasonable choices for evaluating agreement between
calculated and experimental bond length patterns.
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FIG. 8. Comparison of the correlation between electronic diradical character yel and structural di-
radical character ys (MAE) on the left (right). MAE values are calculated from geometry optimized-
and experimental structures. The Pearson correlation coefficient R is shown in the corresponding
legends. The data for bbb are shown in the top third, for bnb are shown in the center third and
for bab are shown in the bottom third. Values for yel, ys and MAE are plotted against a string
representing the calculated determinant (either cs for closed shell, t for triplet or os for broken
symmetry) and the used xc functional. Additionally, the calculated structural diradical character
values for the x-ray structures yexps are plotted as a constant dotted line. The energetically most
stable structures are highlighted by a circular grid on top of the data point. Again, energies dif-
fering by less than 5 kJ are considered degenerate, leading to multiple highlighted structures per
functional in some cases.
VI. CONCLUSION
For predicting nonlinear optical properties of molecules, it is essential to provide correct
molecular structures based on first-principles electronic structure methods. For this purpose,
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small absolute errors are not sufficient, but also a reliable description of relative structural
parameters such as bond length patterns is necessary. We have therefore suggested a new
measure, structural diradical character ys, which is based on comparisons between molec-
ular structures and idealized closed-shell and diradical structures. We can show that with
this new measure, consistent comparisons between experiment and first-principles molecular
structures for diradicals are possible.
Based on these comparisons, we can identify two hybrid functionals, TPSSh and B3LYP,
with 10 and 20 percent of exact exchange admixture, as suitable for describing structural
diradical character in both organic and organometallic systems. B3LYP (with Grimme’s
empirical dispersion corrections) works best for the organic molecules, and TPSSh (without
dispersion correction) for the organometallic complexes under study. Importantly, these
functionals were also the ones which gave a realistic description of singlet–triplet energy
differences. The GGA and meta-GGA functionals BP86 and TPSS turned out not suitable
for neither purpose.
The excellent agreement for B3LYP-D3 was only found when the organic molecules (a
series of bisbenzothiaquinodimethanes with different molecular lengths) were described as
closed-shell electronic structures (restricted KS-DFT), even though in some cases broken-
symmetry solutions with partial open-shell singlet character were slightly lower in energy,
but within typical DFT error bars (up to 3.5 kJ/mol). This illustrates that present-day KS
DFT may be unable to make predictions in cases like these, where closed-shell and open-
shell singlets are close in energy. On the upside, there exists one frequently used functional,
B3LYP, which is able to provide perfect agreement for these structures when only the closed-
shell singlets are considered. Possibly, these data could indicate that when singlet–triplet
gaps are large, and when closed- and open-shell singlets are nearly degenerate, one should
consider the closed-shell singlets as more reliable for present-day standard xc functionals.
However, such statements clearly require more research, possibly also considering schemes
which combine a more explicit description of static correlation with Kohn–Sham DFT83–87.
Comparing structural diradical character ys obtained from experiment with assignments
as (predominantly) open-shell or closed-shell from the literature suggests that ys smaller than
roughly 0.6 (with MAE as a measure for structural deviations) points to a more closed-shell
structure, while larger ys correspond to more open-shell structures. Closeness to triplet
ys values may also serve as an absolute criterion for pure open-shell character (usually
21
only applicable to computed structures, however). For closed-shell electronic structures, ys
slightly decreases with increasing exact exchange admixture, while for open-shell singlet, it
increases, so that differences between the two structures become more pronounced.
Our work was motivated by our attempt at a true first-principles prediction of the open-
shell character for a photoswitchable [Co2] complex, which may be a structure worth pur-
suing and optimizing further for achieving photoswitchable NLO properties. Our findings
imply that B3LYP, which suggests an open-shell singlet ground state, is more reliable than
BP86, which favors the closed-shell singlet. Therefore, further research into this and related
compounds, and their switchability, appears a worthwhile avenue of research.
It is challenging to define diradical measures which are also applicable to experimental
data (with a notable exception suggested by Kamada et al.88). Therefore, beyond such
comparisons between theory and experiment, structural diradical character may also be
interesting as a complement to electronic diradical character. This will require generalizing
the definition of reference structural parameters, e.g. for structures where diradical character
correlates with the presence or absence of a tin–tin bond rather than bond length alternation.
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Appendix A: Critical discussion of bond length alternation (BLA) as a
measure for comparing diradical structures
BLA39,40 is evaluated as the average difference between bond lengths for N pairs of
adjacent bonds (bi,0 and bi,1),
BLA =
1
N
N∑
i=1
bi,0 − bi,1, (A1)
22
which, e.g., can be alternating single and double or alternating single and triple bonds.39,40
The bonds that were considered for the BLA are shown in the corresponding figures in red
if they were added and in blue if they were subtracted.
Using BLA as a measure for diradical character has some drawbacks. (i) The BLA can
only be used for one sort of alternating bonds, while for the iron complexes ([Fe2] and [Fe2]’)
there are both alternating single and double bonds, as well as alternating single and triple
bonds. One has to choose which set of bonds will be used for calculating the BLA and which
will be dismissed. Also, for some inorganic structures such as the tin cluster studied in Ref.89,
diradical character correlates with the presence or absence of a tin–tin bond rather than bond
length alternation. (ii) Pairs of bonds have to be used, meaning that an even number of
bonds must be considered. For example, for the biscobaltocenyldithienylethene ([Co2]) this
is not the case, and one has to choose arbitrarily one bond which will not be taken into
account. (iii) The sign of the calculated BLA is choice-dependent and could be switched by
adding the bond lengths that were subtracted and vice versa. This indicates that it is difficult
to define a unique and transferable measure for diradical character based on bond-length
alternation. (iv) The calculated numbers for different systems cannot be directly compared,
because the magnitude of the numbers is system-dependent. (v) BLA measures bond length
patterns in absolute terms, which implies that when comparing calculated with experimental
data, deviations resulting from a general over- or underestimation of bond lengths by a given
functional are mixed with those resulting from an inadequate representation of relative bond
lengths differences.
Appendix B: Theoretical methods
All electronic structure calculations were performed using the Turbomole 6.5 program
package imposing no symmetry (C1 symmetry) on the systems. A value of 10
−7 a.u. was
set as the convergence criterion for the energy during self-consistent field calculations. For
the molecular structure optimizations the threshold was set to 10−6 a.u. for the energy
change, to 10−3 a.u. for the maximum displacement element, to 10−4 a.u. for the maximum
gradient element, to 5 · 10−4 a.u. for the root mean square of the displacement, and to
5 · 10−4 a.u. for the root mean square of the gradient. The employed xc functional (either
BP8690,91, TPSS92, TPSSh93,94 or B3LYP95–97) and basis set (either def-TZVP98,99 or def2-
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TZVP100,101) and whether the third generation empirical dispersion correction of Grimme
(D3)102 was used or not is indicated in the respective tables.
For the closed-shell calculations restricted KS-DFT was employed. In order to obtain
the broken-symmetry determinants, an unrestricted KS-DFT calculation of the triplet state
was performed and followed by a subsequent broken-symmetry calculation using Turbo-
mole’s “flip” option on the triplet determinant for obtaining the initial guess for the broken-
symmetry calculation. The calculated ground state was then determined by comparison of
the energies of the determinants and their corresponding 〈Sˆ2〉 values.
Appendix C: On the applicability of broken-symmetry density functional
theory for structural optimizations of diradicals
A closed-shell determinant will always have a 〈Sˆ2〉 value of zero, while an open-shell de-
terminant representing a diradicaloid will have a 〈Sˆ2〉 value larger than zero. This is referred
to as spin contamination. For discussions on the validity of broken-symmetry energies, see,
e.g., Refs.103–111. On the one hand, it is argued that the Kohn–Sham reference system of
noninteracting fermions should have the same 〈Sˆ2〉 value as the real, interacting system, and
following this argument, schemes have been suggested for estimating the molecular structure
of the spin-projected open-shell singlet based on broken–symmetry calculations112. On the
other hand, it is not generally established how to evaluate the 〈Sˆ2〉 value of the interacting
system in Kohn–Sham DFT, and there is no unique established way for handling possible
double counting of electron correlation when employing spin projection on top of broken-
symmetry Kohn–Sham determinants83–86. In practice, the Broken-Symmetry approach has
been very successful in modeling molecular structures and energetics of antiferromagnetically
coupled systems79,103. We therefore take a pragmatic approach here, directly evaluating the
broken-symmetry energies as those of the open-shell singlet. For future work, it would be
interesting to consider schemes which combine a more explicit description of static correla-
tion with Kohn–Sham DFT83–87. At present, these are too computationally expensive for
routine structural optimizations of molecules of the size under study here.
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